W hen th e hydrodynam ic forces in a lu b rican t betw een tw o sliding surfaces are insufficient to carry th e load betw een them , th e condition w hich occurs is one o f m ixed b o u n d a ry a n d fluid lubrication. F rom th e p o in t of view of dam age to th e surfaces an d o f resistance to sliding, th e im p o rtan t p a rt is th e bou n d ary friction, w hich can con v en ien tly be stu d ied only w hen isolated from fluid friction. There are tw o m ethods o f o b tain in g relativ ely p u re b o u n d a ry frictio n : first, to ensure th a t th e am o u n t of lu b rican t p resen t is only sufficient to p rovide a boundary film, or secondly, so to control conditions o f load, speed a n d c o n ta c t a re a th a t little or no o p p o rtu n ity is given for fluid film form ation. The relativ e ad v a n ta g e s o f th e tw o m ethods are discussed, an d a p p a ra tu s is described in w hich th e second, m eth o d is em ployed. In this ap p aratu s one specim en is driven a t a fixed velocity, an d a second specim en is ap p lied to it by a dead load. The force required to restra in th e second specim en is m easu red by balancing against a v ariable dead load, in sta b ility being suppressed b y fluid dam ping. A direct reading of coefficient of friction is th u s ob tain ed b y a null m eth o d . R ep ro d u cib ility of determ inations is generally w ithin 10 % , th e lim iting facto r being th e accu racy w ith w hich exactly sim ilar surfaces can be reproduced.
I n tr o d u c tio n
Kinetic friction between two solid surfaces is commonly divided into three categories:
(1) Dry friction between chemically clean surfaces.
(2) Fluid friction between surfaces separated by a lubricant film of such thick ness that friction is determined solely by the hydrodynamic properties of the fluid.
(3) Boundary friction between surfaces separated by a lubricant film so t hin that the hydrodynamic properties of the fluid play no part in determining the frictional behaviour.
This work is concerned with kinetic friction occurring between surfaces in the presence of a lubricant. In such circumstances relative motion of the surfaces brings about hydrodynamic pressure on the lubricant which supports a part of the load between the surfaces. This hydrodynamic pressure may be derived only from a departure from absolute parallelism of the surfaces which results in the forma tion of an oil wedge or wedges (apart from a small effect due to the inertia of the lubricant, referred to by Archbutt & Deeley (1912) ). In a journal bearing such a wedge results from the difference between the diameters of the journal and the shaft, while in a Michell thrust bearing it is derived from the tilt of the pads. Between two 'plane' surfaces, the wedges are on a much smaller scale and result, as Karelitz (1940) points out, from the imperfections in the surfaces. In any of these circumstances the lubricant will exert a definite pressure at each point on the r 430 ] surfaces, tending to separate them. If the summation of all these separate forces multiplied by the area over which they act results in a force equal to the normal load between the surfaces, full fluid lubrication occurs. In these circumstances no damage to the surfaces can result from their relative motion, and the resistance to motion is provided entirely by the internal friction of the lubricant. If, however, the normal load between the surfaces exceeds the sum of the lubricant film forces, the surfaces approach one another until high spots are separated only by a boundary film of lubricant. In these circumstances damage to the surfaces may result, and resistance to sliding is derived not only from the internal friction of the lubricant, but also from the much greater boundary friction at the high spots. Thus, although the greater proportion of the contact area is still under fluid film conditions, it is the much smaller area, where such a film is absent, th at is of interest from the point of view of damage to the surfaces and of resistance to sliding. Hence arises the importance of examining the frictional phenomena occurring under boundary conditions. The object of the present work was to design apparatus for examining such phenomena by measurement of the coefficient of friction under different conditions, and for comparing the boundary frictional properties of different combinations of surfaces and lubricant.
T h e p r in c ip l e s and d e s ig n o f t h e a p p a r a t u s
The first essentials of an apparatus to measure coefficient of friction are th a t surfaces of two materials shall be brought into contact by a known normal force, th at a definite relative velocity be imparted to the surfaces, and th at the tangential force between them be measurable. These requirements may most conveniently be met by driving one specimen and measuring the force required to restrain the other. The construction of an apparatus to fulfil these fundamental requirements and to constitute a satisfactory measuring instrument involves certain practical problems. These problems, and the manner in which they have been met, may be discussed under the following headings.
(1) Obtaining an approximation to true boundary conditions As has been noted above, in almost all practical circumstances boundary friction occurs only locally between two surfaces, fluid film conditions existing over most of the apparent area of contact. In order to study boundary friction it is necessary to isolate this phenomenon as far as possible by using conditions different from those of practice. This may be done by either of two methods, or by a combination of the tw o:
(а) By so choosing the geometry of the surfaces th at the real area of contact corresponds as closely as possible with the apparent area of contact (thus elimin ating oil pockets), and by using very low sliding speeds. This technique has been used by a number of previous investigators (e.g. Bowden & Leben (1940) ).
(б) By applying to the specimens a film of lubricant of a thickness, corresponding to a small number of molecules. This may be done (i) by the Langmuir and Blodgett technique described in Blodgett (1935) and used by Bowden & Leben (1940) and by Frewing (1942 Frewing ( , 1943 ; (ii) by applying excess of lubricant and rubbing down with several changes of clean cloth (developed by Blodgett & Langmuir (1937) , and by Germer & Storks (1939) , and used by Dacus, Coleman & Roess (1944) ), (iii) by deposition from a volatile solvent. In the presence of such a thin film of lubricant, fluid film lubrication cannot obtain, so it is possible (theoretically at least) to use any sliding velocity and still maintain boundary conditions.
Certain difficulties are associated with the second method. I irst, the lubricant film applied by any of these methods may have different properties from that which occurs in practice as a result of excess being squeezed out under pressure (experi ments described later show that such a difference does exist). Secondly, there is uncertainty as to the number of molecular layers which constitute a boundary film. Bowden & Leben (1940) have shown that a unimolecular layer of stearic acid suffices to give the minimum friction obtainable with this lubricant, whereas with cholesterol more than nine molecular layers are required. Thirdly, a thin film is worn away during sliding, so when such a film is employed the same track must not be retraversed. This makes the study of running-in effects impossible, and, if tests at relatively high velocities are required, necessitates either a very rapid frictional determination or some experimental arrangement which allows for a long continuous run without the same track being re traversed.
The use of high speeds and thin lubricant films is not, therefore, a very practical proposition for lubricant testing. The technique of applying thin films has, how ever, as will be described later, been of considerable value in the present series of tests, when used in conjunction with tests with excess of lubricant.
The use of low speeds and restricted areas of contact has been adopted with the present apparatus. The usefulness of this method depends upon a knowledge of the relationship between friction and sliding velocity, in order that deductions of the behaviour at relatively high velocities may be made from observations at low velocities. In Part II of this paper experiments designed to examine this relation ship will be described.
Of the various arrangements of specimen geometry by which a restricted area of contact may be obtained, that chosen was a hemisphere in contact with a flat plate. The plate was made the driven specimen, and the hemisphere the restrained specimen.
(2) Movement of the driven specimen
The driven specimen must move steadily at a velocity which is independent of the frictional force imposed on it by the restrained specimen, but which can be varied within wide limits. It was also considered desirable that the driven specimen should be capable of an indefinitely long continuous movement. This implies rotational rather than rectilinear motion. The method of drive adopted after a number of experiments was by a worm drive from an electric motor through a specially designed gearbox.
(3) Mounting of the restrained specimens
The restrained specimen must be so mounted th at when measurements are made no significant force acts on it other than the frictional force and the restraint of the force-measuring system. The use of a single specimen involves introducing some means of counteracting the tilting force, so th at it is difficult to comply with this condition. A better method is to employ three specimens placed at the corners of an equilateral triangle and fixed in a rigid holder. If the normal force is applied at the centre of this triangle, which is also made the centre of rotation of the driven specimen, then each specimen carries one-third of the normal load and, assuming the coefficient of friction to be the same in each case, the tilting and translational forces acting on the specimen-holder are balanced. The only resultant force is rotational. This arrangement of specimens is employed, with a slight modification, in that the sliders are placed at slightly different distances from the centre so that their tracks do not coincide. The radial force resulting from this is very small.
(4) Measurement of frictional force
It has been noted under (3) that at the time measurements are made it is essential th at the only forces acting on the restrained specimen should be the frictional force and the restraint of the force-measuring system. Under these conditions there is a tendency to instability in certain circumstances. This has been demonstrated by Bowden & Leben (1939) , by Papenhuyzen (1938) and by Morgan, Muskat & Reed (1941) . The instruments used by these investigators were essentially similar in principle. In each case the applied load is maintained constant, one specimen driven at a fixed velocity while the other is restrained by a spring system, and the changes in displacement of the restrained specimen are recorded. With this type of apparatus three types of behaviour of the restrained specimen have been observed: (а) It may take up a constant position, corresponding to a certain deflexion of the spring system and thus to a constant frictional force.
(б) It may move forward at a velocity equal, or nearly equal, to th at of the driven specimen until a definite deflexion is reached, when it slides rapidly back to a position of smaller deflexion, then again moves forward and repeats the cycle.
(c) It may vibrate in an approximately sinusoidal manner. Bowden & Leben believe that this behaviour is evidence that friction may, in some circumstances, be discontinuous, and associate it with the making and breaking of minute welds. Kaidanovsky & Hay kin (1933) and also Blok (1939) have shown, however, that vibrations of either the 'relaxation' or the sinusoidal type may be explained by the assumption that, under the particular conditions in which they occur, the frictional force decreases with increasing velocity. Under these conditions the equilibrium which may theoretically be established when the frictional force is equal to the restraining force of the spring is unstable. For, consider the effect of a momentary slight increase in the frictional force. The rela tive velocity of the two specimens is thereby reduced, further increasing the frictional force, so that the relative velocity of the two specimens decreases until it reaches the value corresponding to a maximum frictional force. The specimen then moves forward until the new value of the frictional force is exceeded by the increasing restoring force of the spring. The specimen then commences to slip back, and this increases the relative velocity, reducing the frictional force. The slip, therefore, continues until the restraining force of the spring again becomes less than the frictional force, when the cycle is repeated. The system is, therefore, of an inherently vibratory character.
On the other hand, if conditions are such that the frictional force increases with increasing velocity, the system may be shown to be stable, so th at the specimen maintains a constant deflexion.
For any form of oscillation to be performed by the restrained specimen, it is an essential condition that the force-measuring system is in the nature of a spring so that the restraining force depends upon the displacement of the specimen. This system is not used in the present apparatus as the principal method of force measurement, for it depends upon accurate calibration and accurate zero deter mination, both of which are difficult and must frequently be repeated. Instead, the method of balancing against a dead load is employed. The restraining force applied to the specimen is then independent of its displacement. Under these conditions instability will still manifest itself when friction decreases with velocity, for on any slight disturbance from equilibrium the specimen will move continuously forward or backward, according to the direction of th at disturbance.
Some means must therefore be employed to impose a damping force on the specimens. This force must be zero when the specimens are stationary, but change more rapidly than the frictional force with changing velocity, in such a way as to compensate for the change of frictional force. Experiments showed th a t adequately heavy damping could be obtained by rigidly attaching to the specimen-holder pistons moving in cylinders full of a viscous liquid, the clearances being fairly small.
The dead load used to restrain the specimen has been made continuously variable by a water-siphoning system so that it may be adjusted to balance the frictional force, and so keep the restrained specimen stationary. This constitutes a null method of measuring coefficient of friction, in which the null point is represented by zero velocity of the restrained specimens. This method is entirely satisfactory when, as in most cases, the time required to take a reading is not an important factor. When rapid measurements are important, as when studying short-period variations in the coefficient, a small additional restraining force may be applied by a spring, the deflexion of which gives a measure of th at force. Since this additional force represents only a fraction of the total restraining force, the possible inaccuracies of the spring method are proportionately reduced. T h e c o n st r u c t io n o f t h e a pp a r a t u s
Figure 1, plate 6 shows the general lay-out of the apparatus, while figure 2, plate 6 is a photograph of the friction-measuring instrument.
A diagram of the instrument is shown in figure 3 , and letters in the description below refer to those in this figure. 
Kinetic friction in or near the boundary region

The driven specimen
A ,in the form of a flat annulus, is placed on metal disk, B, and held in position by pegs. The disk, B, is mounted on ball race and is attached to a hollow shaft, C, which is rotated by wheel mechanism, D. The shaft carrying the worm is rotated, through a five-speed Vol. 187. A. 28 gearbox, by an induction motor. The disk, is wound internally with nichrome wire, through which an electric current may be passed to heat the driven specimen.
The sliding specimens are in the form of hemispherically ended cylinders. These are mounted in a specimen-holder, E, which is a Dural disk machined to a thin section except at the rim and the centre. The rim contains three holes drilled at 45° to the vertical in a tangential plane and at intervals of 120° round the circum ference. The three sliders are inserted in these holes, which are at slightly different distances from the centre. The amount by which the sliders project from the under surface of the holder is adjusted by means of the screws, F. When correctly adjusted the sliders are locked in place by grub-screws. Underneath the holder, and exactly at its centre, is a steel ball which fits into a cylinder and thus keeps the holder central. To the bottom of this ball is attached a hook, from which a weight is suspended. The specimen-holder fits into an annulus, and is locked in place. To the annulus, G, three radial arms are attached, which are in turn attached to curved arms carrying pistons, H, which dip in an annular bath,
The bath, has a liquid-tight cover, complete except for three gaps through which the piston arms enter. The three separate covered portions thus formed are closed at one end, forming curved 'cylinders' of rectangular section in which the pistons move. The bath is completely filled with a viscous liquid of low vapour pressure. Rotation of the specimen-holder can thus only take place by leakage of the liquid between the pistons and the cylinder wall. Thus very powerful damping is obtained. The clearance between the pistons and the cylinder wall is about 0-01 in. at the sides, and 0-025 in. top and bottom. The adjusting screws, F, compensate for different thicknesses of plates and different lengths of sliders, which would otherwise affect the top and bottom clearances. Pointers indicate the correct position of the holder.
The weight of the specimen-holder and the annulus in which it is placed is thus entirely supported by the sliders (with a small correction for the buoyancy of the pistons in the damping medium). Additional normal load is applied through a thin steel wire, M, attached to the ball under the specimen-holder, and passing through the centre of the apparatus.
Three small bolts are inserted into the outer rim of the annulus, arranged at the corners of an equilateral triangle. To these bolts are attached threads, N , which pass over pulleys to the corners of a very light wooden triangle, from which is suspended a light aluminium container. The triangle with the container and its contents form the friction-balancing load. The pulleys are mounted on ball races, and the frictional drag they introduce represents less than 2 % of the frictionbalancing load. A glass tube, independently suspended, passes almost to the bottom of the container and is connected through a stopcock to a measuring cylinder mounted above the vessel. The only other outlet to the measuring cylinder is through a two-way stopcock, w'hereby the cylinder may be connected alter natively to a pressure or vacuum receiver. The pressure and vacuum receivers are connected to the high-and low-pressure sides of a reciprocating pump. Thus according to the way the two-way stopcock is turned, water may be forced from the container to the measuring cylinder or from the cylinder to the container. Thus the friction-balancing load is rapidly and continuously variable.
As mentioned above, there is a subsidiary method of applying a restraining force to the specimen-holder, utilizing a spring. A short steel spring, K, is attached radially to the rim of the annulus, G, with flat silver contacts on each side of its free end. Forward or backward movement of the specimen-holder brings this spring into contact with one of the silver-tipped bolts, L, fixed in brass blocks and insulated from the instrument. Contact of the free end of the spring with one of these bolts completes a circuit which lights a small lamp. When contact is esta blished by movement of the specimen-holder, the friction-balancing force is reduced or increased by an amount which depends upon the deflexion of the spring.
Two separate lamp, mirror and scale systems are included in the apparatus. The first of these is for measuring the velocity of the driven specimen. A hexagonal collar is attached to the shaft, C, to each face of which is attached a mirror. One or other of these mirrors throws the image of a lamp on to a curved scale. The scale is calibrated in mm. movement of the table at the distance from the centre at which the specimens are placed. The velocity at any given gearbox setting can then be measured by noting the time for a given specimen movement. This lamp and scale system also enables any irregularity of movement of the driven specimen to be observed.
The second optical system is for measuring the movement of the specimenholder. A mirror is attached above the specimen-holder and at its centre. This mirror throws the image of a lamp on to a plane mirror, which in turn throws the image on to a scale mounted above the apparatus. A long optical lever is thus obtained. This optical system serves two purposes. First, it acts as a sensitive means of determining the position of balance between frictional force and frictionbalancing load, at which position there should be no resultant movement of the specimen-holder. Secondly, when the spring system is in use, it serves to measure the movement of the specimen-holder and therefore the deflexion of the spring. The zero is established by moving the specimen-holder until the lamp just lights. Calibration of the spring is carried out by repeated observations on the same system of the deflexions at different values of the friction-balancing load.
Oper a t io n of t h e in s t r u m e n t
The specimens are placed in position and the height of the holder adjusted by the screws, F. The driven specimen is then set in rotation at a speed which depends on the setting of the gearbox. The friction-balancing load is then adjusted until no resultant movement of the specimen-holder takes place. In practice there is always some slight backward-and-forward movement of the holder due to minor fluctuations in the coefficient. The required friction-balancing load having been noted, the gearbox setting is changed, and a reading taken for each velocity. The velocities available are 0-0096, 0-0328, 0-122, 0-526 and 2-26 cm./sec.
Preliminary experiments with various materials showed th at marked changes in the coefficient occur with repeated movement of the sliders over the same tracks. Accordingly, determinations of the coefficient at each velocity are made initially and after various numbers of completed revolutions. Since the specimens are at slightly different distances from the centre, each makes a track which is independent of that of the other two. A revolution-counter attached to the driving shaft serves to indicate the total number of revolutions.
T ests a bo v e room t e m p e r a t u r e For tests above room temperature, current is passed through the winding in the disk, B, enabling temperatures up to about 150° C to be obtained. No thermostatic control is used, but a simple device in series with the heater provides compensation for variations in the room temperature and the mains voltage. This is found to maintain the temperature within + 1° C of th at required. Temperature is measured by a thin-wire thermocouple in sliding contact with the upper surface of the specimen, at the same distance from its centre as the specimens.
P r e p a r a t io n o f t h e s p e c im e n s Sliders are, in general, prepared by dry machining in a lathe to give a hemi spherical end with no subsequent treatment. Since they are set at an angle to the driven specimen (the plate) a freshly cut surface is exposed to it.* Various different methods are used for preparing the plate, the one generally adopted being to grind with emery cloth on the face-plate of a lathe, swab with caustic soda solution till complete wetting is obtained, then to dry with acetone or isopropyl alcohol. R e p r o d u c ib il it y o f r e s u l t s A difference between the frictional force and the friction-balancing load of 4 g. is sufficient to bring about a readily observable movement of the specimen-holder. With a normal load of 2 kg. and a coefficient of friction of 0T, this represents a sensitivity of 2 %. In general, successive determinations of the coefficient at a definite velocity made upon the same plate, sliders and lubricant without repre paration differ by less than this figure. If, however, a number of tests are made with the same materials but with the specimens reprepared by the same method for each experiment, results may differ by 10 % or, in a few cases, rather more. It is believed that this ' scatter ' of results must be attributed to the difficulty of obtaining similar surface finishes with successive repreparations, even though finishing methods are standardized as closely as possible. This degree of repro ducibility is sufficient for most purposes, and, of course, more accurately repre sentative figures may be obtained by taking the means of a number of tests with a fresh preparation each time. In some experiments it is possible to use the same * The tip of a specimen tu rn ed in a lathe to hem ispherical shape is pushed aside rath er th a n cut. Hence th e advantage of setting specimens a t an angle.
